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A compact sensor for simultaneous measurement of curvature and temperature based on a C-shape microfiber taper interferometer is presented. The dependence of curvature sensitivity on fiber taper interferometer parameters are numerically predicted and experimentally demonstrated. Two dips of the interference fringe shift with the variation of curvature or temperature, and simultaneous measurement of curvature and temperature can be realized by means of a sensitivity coefficient matrix. Two interferometers with different tapering profiles are fabricated. For sensor 1 with a taper waist diameter of 5.78 μm, the curvature sensitivity is as high as 46.43 nm/m-1, and the temperature sensitivity is 0.0566 nm/°C. For sensor 2 with a taper waist diameter of 3.72 μm, the curvature sensitivity is 32.1 nm/m-1, and the temperature sensitivity is 0.034 nm/°C. 
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1.	Introduction
Curvature measurements are of great importance in the field of mechanical engineering and structural monitoring applications. Due to the unique advantages such as small size, compactness, good stability, fast response, high sensitivity, and freedom from electromagnetic interference, a variety of optical fiber interferometer sensors, especially the Mach-Zehnder interferometer (MZI), have been reported in literature for curvature sensing. Recently, Zhang presented a bending sensor based on lateral-offset and up-taper, where the bending sensitivity is 11.987 nm/m-1 [1]. L. Niu proposed a curvature sensor based on two cascading abrupt-tapers configuration and the curvature sensitivity of -25.946 nm/m-1 is obtained [2]. B. Sun demonstrated a MZI based on a peanut-like section and an abrupt taper, and the curvature sensitivity is 50.5 nm/m-1 [3]. However, the interference from the other parameters to the curvature measurement is a crucial issue, for instance, temperature. Therefore, there are several works about simultaneous measurement of curvature and temperature. Mao presented a sensing structure based on lateral-offset splicing and ultra-abrupt taper [4]. Gong proposed a MZI for simultaneous measurement of curvature and temperature comprising core-offset and spherical-shape structures [5], but their curvature sensitivities need to be improved.
In this paper, we use just one bent microfiber taper structure as a sensor for measuring both the curvature and the temperature simultaneously. The bent microfiber taper interferometer is fabricated by creating a simple taper in SMF, followed by bending the transition region of the taper to form an in-fiber MZI [6, 7]. The mode coupling effects and mode conversion in microfiber tapers subject to bending are theoretically analyzed. The dependence of curvature sensitivity on fiber taper MZI sensor parameters are numerically predicted and experimentally demonstrated. Two microfiber taper MZIs with different sizes are fabricated, and their responses to curvature and temperature changes are presented. The best curvature sensitivity of 46.43 nm/m-1 is acquired for the sensor with waist diameter of 5.78 μm. Simultaneous measurement of curvature and temperature can be realized by substituting the sensitivities to coefficient matrix. The proposed MZI is characterized by high curvature sensitivity, ease fabrication, and good reconfigurability. 
2.	Sensor fabrication and operating principle
The schematic diagram of the proposed MZI for the curvature and temperature measurement is depicted in Fig. 1(a). The C-shape microfiber taper MZI structure is located at the center of two clamps. The X-cross junction of the jacked fiber is fixed by epoxy to a fiber holder. The fiber holder is used in order to keep the contact between the microfiber taper waist and the metal beam. Both the metal beam ends are not fixed and the fiber under the metal beam is flexible. Thus the microfiber taper MZI structure can be bent subject to the metal beam bending. A micrometer is employed to displace the center of the metal beam thereby inducing bending on the fiber taper. The curvature of the microfiber taper can be determined by , where R is the curvature radius, S is the half distance between the edges of the two clamps and d is the bending displacement adjusted by pressing the center of the metal beam with the micrometer driver. Two MZIs with different tapering profiles are fabricated and named sensor 1 and sensor 2, respectively. Figure 1(b) shows the scanning electron microscopy (SEM) images of both microfiber tapers with different taper waist diameters d0. The measured parameters of the microfiber taper MZIs, including the waist diameter d0, waist length L0, the initial bend radius r0, and bent transition region length Lt together with the critical diameters dA and dB corresponding to the bent transition region, are listed in Table 1.

Fig. 1. (a) Experimental setup and configuration of the sensor. (b) SEM images of the microfiber tapers.
Table 1. Microfiber Taper MZI Sensor Parameters




	Bent microfiber taper simulations are performed in this paper to study the modal characteristics in the bent transition region using a finite difference approach, the beam propagation method (BPM), in conjunction with the conformal mapping technique. The first step in this process is to transform the circularly curved fiber to an equivalent, straight fiber by conformal mapping [8, 9], with a modified RI distribution being  [10], where n0 is the RI profile when the fiber is straight, r is the bend radius of the microfiber taper transition region, x is a transverse co-ordinate along a line joining the center of curvature and the center of the fiber, and   denotes the elastooptic effect for silica [10]. Figure 2 (a) displays typical results of mode calculations for the lowest order fiber modes. Conditions for this example are dA = 30 μm, λ0 =1550nm, n0 = 1.468, and r = 3mm. As we can see from the figure, bending tends to distort the fiber modes, and causes them to shift away from the center of the curvature. Furthermore, the two orientations of each LP mode, denoted here as LPmne and LPmno, become noticeably different upon bending. The subscripts “e” or “o” denote whether the mode is even or odd with respect to the x axis, respectively. Whereas in the straight fiber they are identical other than a  rotation, bending breaks this rotation symmetry. In Fig. 2 (b), we plot the effective index versus the bend radius for the modes in Fig. 2(a). As shown, the effective indices of LP11e and LP11o modes deviate increasingly from each other with the increase of the fiber bending. The same trend is observed for LP21e and LP21o modes, although to a lesser extent.
 
Fig. 2. (a) Simulated mode field distributions of the lower order bent fiber modes (The subscripts “e” and “o” denote whether the mode is even or odd with respect to the x axis, respectively.) (b) Simulated effective indices of the lowest order fiber modes of a bent fiber as a function of the bending radius. 
To determine which of these modes are occupied due to bending, we show in Figs. 3(a) and (b) the power distribution of the different modes present in the central uniform waist as the bend curvature of both transition regions increased form 0 mm-1 to 1 mm-1. In our calculations, the wavelength is fixed at 1550 nm. When the bend curvature 1/r = 0, there is no power transfer from the fundamental mode to other high-order modes. As the bend curvature 1/r increases, the higher-order modes (LP11o, LP11e, LP21o, and LP21e) are excited by gaining energy from the fundamental mode through mode coupling. For sensor 1, the fundamental mode is only coupled to the LP11o mode with bend curvature less than 0.037 mm-1 and coupled to multiple modes with bend curvature larger than 0.3 mm-1. For sensor 2, the LP01 mode is only coupled to the LP11o mode with bend curvature less than 0.049 mm-1 and coupled to multiple modes with bend curvature larger than 0.367 mm-1. The initial bend curvatures 1/r0 of sensor 1 and sensor 2 are 0.352 mm-1 and 0.3356 mm-1, respectively (see Table 1). From Fig. 3, it can be observed that there is one dominant cladding mode and three weak cladding modes excited for both sensors.

Fig. 3. Modal power distribution in the microfiber taper waist as a function of the bend curvature 1/r of (a) Sensor 1 and (b) Sensor 2.
	When light is coupled from higher-order modes back into the fundamental mode in the output locally bent region, a MZI is formed. If the phase difference between the fundamental mode and the mth order mode is Φm, Φm and the intensity at the output can be expressed as
                                                      (1)
                           (2)
where  is the effective RI difference between the fundamental mode and the mth order mode, L is the interference length, λ is the wavelength of light in vacuum, If and Ihm are the amplitudes of the fundamental mode and the mth order mode, respectively. According to Eq. (2), the output intensity Io is lowest when , where k is any integer, the wavelengths for these interference dips can be approximated as
                                                     (3)

Equation (3) demonstrates that any changes on  will lead to the shift of the interferometer dips. When the C-shape microfiber taper in the MZI sensor is further bent from a bending radius r0 to r, both  and L0 will change accordingly. To determine the bending effects on  , we numerically calculated the dependence of  on the bending radius r and the taper diameter dt of the bent transition region at 1550 nm. The simulated results are shown in Fig. 4, in which the bent transition region of the fiber taper with larger diameter dt or smaller initial bend radius r0 exhibits higher sensitivity. The larger the bend radius r, the smaller the . The external bending R not only increases the interference length L but also decreases the bending radius r of the transition region, which results in an increase in the . Based on Eq. (3), we may conclude that the attenuation peaks shift toward shorter wavelength with the increase of the external bending curvature C.

Fig. 4. Calculated dependence of  on the bend radius (r) and fiber diameter (dt) of the bent transition region at 1550 nm.
	The influence of temperature on the dip wavelength can be expressed by
                                          (4)
where δ is the thermo-optic coefficient, ξ is the thermo-expansion coefficient, and ΔT is the variation of temperature. It can be seen that the wavelength shift of the interference fringe is linear to the variation of temperature, and therefore, temperature can be measured with the proposed MZI sensor.
Simultaneous measurement of curvature and temperature can be achieved by monitoring the wavelength shift of two selected dips. Furthermore, since the two dips have different sensitivities towards curvature and temperature, the measurement of curvature and temperature can be discriminated from each other by using coefficient matrix below [11]
                                      (5)
where ΔC is the variation of the curvature; , kC,A and kT,A are the curvature and temperature sensitivities of Dip-A, respectively; kC,B and kT,B are the curvature and temperature sensitivities of Dip-B, respectively; and ΔλA amd ΔλB are the wavelength shift of Dip-A and Dip-B, respectively.
3.	Experimental results and discussion
Experimental investigations are carried out for the proposed microfiber-taper-based MZI sensors. A broadband light source (BBS) centered at 1550 nm is coupled into the sensor as shown in Fig. 1(a). The half distance S between the edges of the two clamps is 27.5 mm. The output from the sensor is monitored by a 0.02nm-resolution optical spectrum analyzer (OSA). The waist diameter of the microfiber sensor 1 and 2 are 5.78 μm and 3.72 μm respectively, which can confine most of the optical energy in the microfiber and avoid large loss from the metal beam.  Figure 5(a) shows the interference fringes of Sensor 1 at the external curvature of 0.0 m-1. Dip-A and Dip-B are selected at the wavelengths of 1478.72 nm and 1491.8 nm respectively, as they have the maximal contrast ratio. In figure 5(b), when the external curvature increases from 0.0 m-1 to 0.132 m-1, Dip-A blue-shifts from 1478.72 nm to 1472.25 nm, and Dip-B blue-shifts from 1491.8 nm to 1484.5 nm. Since Dip-A and Dip-B are formed by the interference between different orders of modes, they display different responses to curvatures. Fig.5(c) shows the wavelength of Dip-A and Dip-B as a function of curvature. The curvature sensitivities of Dip-A and Dip-B are -46.43 nm/m-1 and -40.65 nm/m-1, respectively, obtained by linear fitting.





Fig. 5. (a) Transmission spectra of the Sensor 1 at the curvature of 0.0 m-1. (b) Transmission spectra of Dip-A and dip-B at different fiber taper curvatures. (c) Wavelength shifts of Dip-A and Dip-B versus the curvature change. (d) Wavelength shift of Dip-A and Dip-B versus the temperature change.




Fig. 6. (a) Wavelength shift of dip-C at different curvatures. (b) Curvature response of sensor 2. (c) Temperature response of sensor 2. 
	According to Eq. (5), the variations of curvature and temperature can be discriminated by the coefficient matrix. For Sensor 1, substituting the curvature sensitivities and temperature sensitivities of Dip-A and Dip-B to Eq. (5), we can get
                                     (6)
ΔλA amd ΔλB are the wavelength shift of dip-A and dip-B, respectively. For sensor 2, the simultaneous measurement of curvature and temperature can be achieved in the same way. The curvature sensitivity of Sensor 1 is higher than that of Sensor 2 because the fiber diameter of the bent transition region of sensor 1 is larger than that of sensor 2 and the initial bend radius of sensor 1 is smaller than that of sensor 2 as shown in Table1. These experimental results are in good agreement with the above theoretical analysis. Besides, the experimentally-obtained sensitivity can be further optimized by choosing appropriate structure parameters of the microfiber taper.
The best curvature sensitivity of -46.434 nm/m-1 is obtained for sensor 1 (taper waist diameter of 5.78 μm), and the corresponding curvature resolution is 4.6×10-4 m-1, which is comparatively high. This sensitivity is higher than that of the sensors reported in [1, 2], [4, 5], and is only slightly lower than that in [3], but the temperature effect during curvature tests of our sensor can be eliminated. Moreover, our sensor is fabricated using conventional SMF, and has the advantages of easy fabrication and low cost compared with the sensors in [1] and [3, 4].
4.	Conclusions
In summary, an in-fiber MZI constructed by C-shape microfiber taper structure for simultaneous measurement of curvature and temperature is demonstrated. The results show that the wavelength shifts of two selected dips are almost proportional to the variations curvature and temperature. The curvature sensitivities of sensor 1 (taper waist diameter of 5.78 μm) are -46.43 nm/m-1 and -40.65 nm/m-1, and the temperature sensitivities are 0.0566 nm/ºC and 0.0435 nm/ºC. The curvature sensitivities of sensor 2 (taper waist diameter of 3.72 μm) are -32.4 nm/m-1 and -25.6 nm/m-1, and the temperature sensitivities are 0.0261 nm/ºC and 0.034 nm/ºC. Sensitivity coefficient matrix can be applied to distinguish the variations of curvature and temperature. The proposed sensor has high curvature sensitivity, so it is suitable for high-accuracy curvature measurement. 
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